Polyethylene-based nanocomposites have been prepared by in situ polymerisation of ethylene with mesostructured MCM-41 within a large range of nanofiller concentrations. The structural, thermal and viscoelastic studies have shown that the use of mesoporous MCM-41 as catalyst carrier and its further presence in the final material is an effective route for the successful attainment of nanocomposites. Data shows that minimal changes in crystallinity are observed but crystallites become thicker as MCM-41 content is raised in the nanocomposites. A confinement effect is found and a delay in the crystallisation process of the macrochains within pores and channels is observed. These novel self-reinforced nanocomposites present an enhanced rigidity, which becomes more important as temperature is raised. Accordingly, they exhibit an improved mechanical performance without varying the final processing temperature since T m is the same for all of the specimens. In agreement with other works, it is confirmed that the MCM-41 acts as promoter for polyethylene degradation, an easier degradability being observed in these nanocomposites.
Introduction
Recent published works have been focused on the use of mesostructured silicas and its aluminated variants (MCM-41, Al-MCM-41, SBA-15 and Al-SBA-15) to prepare novel catalysts and applied porous materials with very promising behaviours [1] [2] [3] [4] . Studies on metallocene and other transition metal catalysts have been performed, dealing mainly with the effects of support composition, preparation and polymerisation conditions on polymerisation activity [5] [6] [7] [8] [9] [10] . These investigations also show that mesostructured silicate materials allow the preparation of Philips catalysts with very high activities in ethylene polymerisation, particularly when using SBA-15 mesoporous silica [11, 12] .
On the other hand, zeolites and mesoporous materials are particularly interesting to be used as the inorganic phase in the preparation of multicomponent polymeric nanocomposites. They present stable 3D framework structures that may lead to some interesting confinement effects and that can resist to the forces produced by intercalated polymers, which tend to break up the inorganic material. There are two primary methods for the preparation of nanocomposites from porous inorganic materials [13] : (i) direct threading of preformed polymer through the inorganic host channels, for soluble and melting polymers, which is usually limited by their size, conformation and diffusion behaviour, and (ii) the in situ polymerisation in the pores and channels of the inorganic hosts. In situ polymerisation gives better filler dispersion than simple melt preparation, particularly at high filler contents, and provides a promising strategy for obtaining nanocomposites with desirable properties. Some recent studies have also shown that zeolites and MCM-41 derivatives are potential candidates to be used as promoters of the catalytic cracking of polyolefins, allowing its conversion at lower temperatures, in gaseous and liquid products that can be used as fine chemicals or fuels [14] [15] [16] .
In previous works, polyethylene-based nanocomposites were prepared by in situ coordination polymerisation of ethylene with MCM-41 and aluminated MCM-41 (Al-MCM-41) as fillers [9, 17] . The route followed took advantage of the unique properties of the MCM-41 material, which was used in a triple role: (i) as carrier for the immobilisation of the polymerisation catalysts and allowing ethylene polymerisation within its pores and channels; (ii) as inorganic nanofiller of the polyethylene matrix formed; and (iii) as promoter for the degradation of the nanocomposite material. A preliminary characterisation of these nanocomposites was presented [17] . This work deals with a detailed analysis of these novel nanocomposites from a structural and viscoelastic standpoint. Accordingly, X-ray measurements at wide and small angle regions (WAXS and SAXS, respectively) as well as supplementary DSC experiments have been carried out to evaluate the structural characteristics. In addition, a thorough microhardness evaluation is presented as well as a complete dynamic mechanical thermal analysis (DMTA) performed to examine the mechanical and viscoelastic behaviour of these materials.
Experimental

Preparation of the HDPE/MCM-41 nanocomposite materials
The detailed procedures used in the preparation of the HDPE/ MCM-41 nanocomposite materials were already published in two previous papers [9, 17] . In short, a dilute solution of zirconocene catalyst is contacted with a dry sample of mesoporous material during 16 h. An adequate volume of the resulting suspension is then injected into a 250 cm 3 reactor already charged with toluene and methylaluminoxane (cocatalyst), connected to the ethylene line. Once the polymerisation is started, the consumption of ethylene is registered by data acquisition in a computer. After 30 min, the reactor content is quenched with acidified methanol and the solid is washed twice with fresh methanol, before drying overnight.
Preparation of specimens
The HDPE/MCM-41(x) nanocomposites were processed as thick films (around 400 lm) by compression moulding in a Collin press between hot plates at 170°C, at a pressure of 1.5 MPa, for 5 min. Each of the HDPE/MCM-41(x) specimens was crystallised by a fast quench in cold water after melting in the press.
Polymer characterisation
TEM images were obtained in Hitachi H8100 equipment. Nanocomposite samples were deposited in a Cu/polymer grid sample holder.
The wide, middle and small angle X-ray synchrotron studies (WAXS, MAXS and SAXS, respectively) were performed in the soft-condensed matter beamline A2 at Hasylab (Hamburg, Germany), working at a wavelength of 0.150 nm. Two different setups were used. In the first one a MAR CCD detector, at a distance of 17 cm from the sample (which is inside the temperature controller of the beamline) was used for studying the WAXS region. A sample of silver behenate (giving a well-defined diffraction at a spacing of 5.838 nm, and several orders) was used for calibration. A heating rate of 8°C/min was employed, acquiring images every 15 s. In the second setup, the MAR CCD and one linear position-sensitive detector were used simultaneously, the former at 230 cm from the sample (covering the SAXS region) and the latest at around 17 cm from the sample and covering the approximate 2h range from 11°to 30°(WAXS region). This WAXS detector was calibrated with the diffractions of a crystalline PET sample, and the MAR CCD detector, now with the different orders of the long spacing of rattail tendon (L = 65 nm). A heating rate of 8°C/min was used in this case, acquiring frames every 15 s. The two-dimensional X-ray patterns were processed with the FIT2D program of Dr. Hammersley (ESRF) and converted into one-dimensional arrays after normalisation for the intensity of the primary beam and subtraction of the scattering of an empty sample.
The crystalline diffractions and the amorphous component in the WAXS region have been separated with a fitting program, which allows estimating the crystallinity of the samples. The baseline has been taken just as a straight line in the 2h range from 10°t o 32°, and no further correction has been applied. The different diffraction peaks were fitted to Voigt functions. The amorphous peak of the different samples was found centred at about 2h = 19.7°. The error in the crystallinity determinations is estimated to be ±5 units.
Calorimetric analyses were carried out in a Perkin-Elmer DSC7 calorimeter, connected to a cooling system and calibrated with different standards. The sample weights ranged from 5 to 7.5 mg. A temperature interval from À50 to 150°C has been studied and the used heating rate was 10°C/min. For crystallinity determinations, a value of 290 J/g has been taken as the enthalpy of fusion of a perfectly crystalline material [18, 19] .
The decomposition of the nanocomposites was surveyed by thermogravimetry using a TA Instruments TGA Q500 equipment working under an inert atmosphere. The equipment was calibrated according to standard protocols. The sample weights ranged from 4 to 6 mg, and the heating rate was 10°C/min.
A Vickers indentor attached to a Leitz microhardness tester was used to perform microindentation measurements undertaken at 23°C. A contact load of 0.98 N and a contact time of 25 s were employed. Microhardness, MH, values (in MPa) were calculated according to the relationship [20] :
where P (in N) is the contact load and d (in mm) is the diagonal length of the projected indentation area. Diagonals were measured in the reflected light mode within 30 s of load removal, using a digital eyepiece equipped with a Leitz computer-counter-printer (RZA-DO). Viscoelastic properties were measured in a Polymer Laboratories MK II dynamic mechanical thermal analyser working in a tensile mode. The complex modulus and the loss tangent for each sample were determined at 1, 3, 10 and 30 Hz over a temperature range from À150 to 130°C, at a heating rate of 1.5°C/min.
Results
The in situ polymerisation results of zirconocene supported on purely siliceous and aluminated MCM-41 mesoporous material were discussed in previous works [9, 17] . In short, the zirconocene catalyst was immobilised on the MCM-41 via a direct impregnation route. Polymerisation activity may vary considerably by changing from a purely siliceous to an aluminated support. Accordingly, different MCM-41-based supports (Table 1) and polymerisation conditions have been carefully selected in order to control the activity level and, consequently, to allow preparing nanocomposite materials with different contents in inorganic nanofillers (from 3% to 28% wt.%, Table 2 ). As aforementioned, mesoporous MCM-41 acts as catalyst support as well as nanofiller in these materials. The characterisation of these Table 1 Parameters of the MCM-41 mesoporous materials [9] used as fillers.
MCM-41 filler
Si/Al nanocomposites from a morphological, structural and viscoelastic standpoint is presented in the following sections. (14) hybrid material. It provides information about either particle distribution or size of agglomerates of MCM-41 within the polyethylene matrix. The filler particles are rather uniformly dispersed in the matrix although some aggregates are also observed although their average sizes are at the nanometric scale as seen in this micrograph. Fig. 2 shows the WAXS profiles at room temperature for the nanocomposites, prepared by in situ supported ethylene polymerisation, as well as for polyethylene synthesised under corresponding homogeneous conditions. It is well known that polyethylene crystallises in an orthorhombic lattice characterised by the two main (1 1 0) and (2 0 0) diffractions [21, 22] . From the analysis of the WAXS patterns it is clear that the location of spacing for these two diffractions is rather constant for the different samples and, consequently, dimensions of crystal lattice are practically unchanged by incorporation of MCM-41 derivatives. The effect of temperature on the initial crystalline lattice developed during the processing, estimated by real-time temperature-variable synchrotron experiments, is depicted in Fig. 3 . No significant variations are observed when increasing temperature in the different nanocomposites independently of the nanofiller content. Accordingly, location of the melting temperature, T m , is rather similar for all samples, as reported in Table 3 . Crystallinity degree can be determined from decomposition of the different WAXS profiles into the crystalline diffractions and amorphous halo (as commented in the Section 2). The values estimated at room temperature are also reported in Table 3 , and analogous crystallinity values are found for the different specimens once results are normalised to the actual polyethylene amount at a given nanocomposite.
Morphological and structural characterisation
Patterns at room temperature in the SAXS region are represented in Fig. 4 for HDPE and the nanocomposite samples. This plot clearly shows that the position of the SAXS peak is moved to lower 1/d values, i.e. the long spacing (L = d) increases as MCM-41 content is raised, as reported in Table 3 . Nevertheless, for HDPE/ MCM-41 (23) and HDPE/MCM-41(28) nanocomposites the peak is located beyond the lower limit of the 1/d scale. These materials were confirmed to be semicrystalline, as observed from WAXS profiles, but their characteristic long spacing, larger than those exhibited in samples with lower filler contents, is not measurable under the experimental conditions used.
Real-time temperature-variable SAXS profiles are presented in Fig. 5 for HDPE and set of three nanocomposites. The patterns show that as the temperature rises, approaching T m , the SAXS peak related to long spacing is shifted to lower 1/d values and its intensity is increased. These features are ascribed to the enlargement of crystallite size and thickness with temperature. According to these results, initial small and thin crystallites become larger and thicker. In the case of HDPE, the long spacing increases from 32.5 to 43.8 nm, as depicted in the upper plot of Fig. 6 . This enhancement is also seen in the nanocomposites; for instance, long spacing rises from 39.7 to 46.1 nm in HDPE/MCM-41 (14) .
The mesoporous structure of MCM-41 leads to the confinement of some polyethylene chains inside its pores and channels. This effect is also evident from the variation of the relative invariant [23] 
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calculated from the SAXS data in the melting process and represented in the lower plot of Fig. 6 . This invariant gives us an idea about the macroscopic electron density fluctuations, and different regions are observed in that plot. The first one at low temperature, up to around 50°C, is related to the crystallites existing at ambient temperature after processing. Interestingly, a clear increase of the invariant occurs at the end of this region for the HDPE homopolymer and for the nanocomposites with low MCM-41 contents, up to a 6 wt %. This behaviour is indicative that important recrystallisation processes are involved and crystallites are thickening, corroborating the variation of long spacing values. The final fluctuation region is that associated with the main melting peak at about 134°C. After this, the curve becomes flat in the molten state. However, for the nanocomposites with high MCM-41 contents, the recrystallisation processes are hindered and only take place from relatively high temperatures, starting at 90°C for HDPE/MCM-41 (14) and HDPE/MCM-41(23) nanocomposites, whereas the invariant is practically unchanged for HDPE/MCM-41(28) until the melting process occurs. This fact seems to be associated with the higher confinement of HDPE crystallites within the MCM-41 channels, as nanofiller content increases, due to the larger amount of polyethylene chains in their inside. These observations are in agreement with FTIR, MAXS and TEM data already reported [17] , indicating that ethylene polymerisation indeed occurred inside the channels of MCM-41 material and that moreover MCM-41 particles are dispersed in the polyethylene matrix in a nanometric scale. Based on the overall data it may be assumed that these nanocomposites consist in polyethylene chains incorporated inside the channels of the MCM-41 derivatives in addition to some others chains surrounding the nanofillers.
Thermal characterisation
Additional knowledge on the structure developed in these nanocomposites is obtained from their thermal properties. The upper plot in Fig. 7 shows the DSC first melting curves for all of specimens. In this plot, the intensity of the melting endotherm is lowered as the mesoporous MCM-41 content increases. This fact is ascribed to the lower amount of polyethylene within the polymeric nanocomposite with increasing MCM-41 composition at a given constant weight. However, if enthalpy is normalised taking into account the real amount of HDPE in the nanocomposites, the values obtained are now rather similar for neat HDPE and for the nanocomposites, as reported in Table 2 . On the other hand, the DSC melting temperatures are practically unchanged in the The crystallisation characteristics found for the different specimens are depicted in the bottom half of Fig. 7 . The intensity of the exotherm considerably decreases with the incorporation of MCM-41 that involves a significant reduction of crystallinity after normalisation. Moreover, a slight increase in crystallisation temperature is observed for the nanocomposites with higher MCM-41 contents. This behaviour points out that crystallisation is delayed by the presence of the inorganic mesoporous solid. These results suggest that the crystallisation of intercalated HDPE located within MCM-41 channels in the nanocomposites is extremely hindered because of its confinement, leading to the delay of the crystallisation. Consequently, the amount of crystallites formed during the cooling run at 10°C/min for these nanocomposites with high MCM-41 contents is significantly smaller than for neat HDPE or for the nanocomposites with lower filler incorporations. If the nanocomposites remain enough time at room temperature (several hours), crystallisation of all the polyethylene chains ends and the number of crystal entities increases up to attain a final similar crystallinity, as discussed from the WAXS and DSC first melting results. On the other hand, it is found that the solid mesoporous MCM-41 seems to act as nucleant agent for those macrochains that surround the nanofiller and, accordingly, crystallisation temperature is slightly shifted to higher temperatures as its content is raised.
Changes in the crystallisation of the polyolefinic matrix in similar nanocomposites were also reported by other researchers. Kaminsky et al. prepared polypropylene/carbon nanotube (CNT) nanocomposites by in situ polymerisation. DSC analysis showed that neither melting point (160± 1°C) nor crystallinity degree of nascent polypropylene (0.45 ± 4%) was greatly influenced by the presence of the CNT filler, or by its concentration. But the temperatures of crystallisation from the melt rose with the concentration of CNT presented in the PP matrix. Moreover, the half-time of crystallisation was shortened in presence of the CNT, thus pointing out its effect as nucleating agent, causing the fast crystallisation of the surrounding polymer [24] [25] [26] . Nakajima et al. investigated PP/Ti-MCM-41 nanocomposites prepared by in situ polymerisation [27] . After removal of polypropylene formed in the outside of Ti-MCM-41 particles (by extraction with boiling xylene), the DSC analysis of the polymer remaining inside the mesoporous material did not show a melting point. But after the alkaline dissolution of the mesoporous material, the melting of PP was visible in the DSC thermogram. This experiment demonstrates that the crystallisation of nascent PP formed inside the pores of Ti-MCM-41 was prevented, due to the restrictions imposed to polymer chain mobility by confinement within MCM-41 [27] .
Other interesting aspect of these nanocomposites is related to the results obtained from thermogravimetry, as seen in Fig. 8 . The onset of the degradation is faster and shifted to lower temperatures as MCM-41 content increases. The degradation temperature detected for HDPE is 483°C. For nanocomposites with low filler contents, this temperature is decreased by around 40°C, whereas for the material with 28% filler contents this difference is around 160°C. Moreover, the derivative curves, depicted in the bottom plot of Fig. 8 , show that the degradation process takes place in a unique stage for the neat polymeric matrix and for the nanocomposites with low MCM-41 contents. However, as the content of mesoporous filler increases, an overlapping of two stages becomes apparent, one probably related to the fraction of polymer inside the channels and the other to the fraction which surrounds the filler particles. Based on the amounts of filler used and the relative intensities of the peaks in the derivative curves, one can tentatively assign the lower temperature degradation stage to the fraction of polyethylene located within the filler pores. All these features can be ascribed to a catalytic effect of MCM-41 in the degradation process of PE. While the catalytic effect of the inorganic material in the decomposition of polymers was also observed with several zeolites [16, 28, 29] , MCM-41 materials appear to be more active in this process, probably due to their larger pore diameters [30] . These results suggest that the recycling of the nanocomposites at the end of their lifetime service, by reutilisation in chemical processes or in the production of liquid fuels, would be more favourable [14, 31] . Fig. 9 shows the variation of the storage and loss moduli and of the loss tangent for the different nanocomposites. In the upper plot, an increase of the storage modulus is observed as MCM-41 content rises. As discussed above, crystallinity is rather similar in the different specimens whereas crystal thickness increases with MCM-41 contents. Therefore, the stiffness is enlarged in the nanocomposites and this increase can be ascribed both to the larger size of crystallites and to the inherent reinforcement effect of mesoporous filler. However, this improvement of rigidity with MCM-41 contents is more important above room temperature that is, when the mobility within the olefinic polymer chains increases, as can be seen in Fig. 10 . This fact is rather interesting from a practical point of view, since these materials will show an improved mechanical performance, by comparison with virgin HDPE, with no variation of the final processing temperature (as seem before, T m remains practically constant for all specimens). The increase in stiffness with MCM-41 contents was apparent also from the microhardness values, MH, as listed in Table 4 . Microhardness measures primarily the resistance of the material to plastic deformation and, accordingly, provides indications regarding local strain. A relationship is commonly found between the elastic modulus and MH and the following empirical equation has been proposed [20] :
Viscoelastic behaviour and microhardness measurements
where MH is the microhardness value, E is the elastic modulus and a and b are constants. A linear double-logarithmic dependence between these two magnitudes allows, once the behaviour has been established for a set of materials, the reliable estimation of the elastic modulus in unknown specimens by a relatively rapid measurement as microhardness without requiring a large amount of material. However, Fig. 11 shows that the correlation between the two mechanical parameters in the nanocomposites is more complex than usual, and several regions are distinguishable in the plot. In HDPE and HDPE/MCM-41(x) nanocomposites with low MCM-41 incorporation, the increase in rigidity might be associated mainly with the increase in crystallite thickness. At intermediate contents, the increase in stiffness may be attributed to a combination of larger crystals and mesoporous MCM-41 reinforcement effect, whereas for HDPE/MCM-41(28) the jump in stiffness should be mainly related to the latter effect, due to the large content of a hard inorganic component. A complex relationship between these two mechanical properties has been also observed in other composite materials [32] .
In relation to relaxation processes, the loss plots (tan d and E 00 representations in Fig. 9 ) show the existence of two main processes, labelled as c and a in order of increasing temperatures, whose intensity and location is slightly dependent on MCM-41 content. The other known relaxation, commonly named as b and located between the c and the a processes in low density, linear low density, and ethylene copolymers, is not clearly observed for these specimens [33, 34] . The crystallinity of these samples is relatively high and, therefore, this relaxation process is almost absent and overlapped with the a mechanism, corroborating similar features found in other HDPE samples [35] .
The c relaxation in polyethylene was firstly attributed to crankshaft movements of polymethylenic chains [36] . However, there is no clear consensus regarding the details of the underlying motional process [37] . This type of motion requires chains containing sequences of three or more methylenic units. Fig. 9 and data in Table 4 show that the location of c loss modulus peak is practically unaffected with MCM-41 content, but its intensity decreases. As the motions ascribed to this relaxation process take place in the amorphous regions, they are in principle hindered as mesoporous material content increases, due to the crystallite thickening and to the confinement effect of the nanofiller, which introduces mobility constraints.
The relaxation that appears at higher temperature and is better defined in E 00 plots for polyethylene, a relaxation, has been associated with vibrational and reorientational motions within the crystallites [38, 39] . At the highest temperatures, the melting of the crystallites is overlapped with the this relaxation process As discussed for the motions within the amorphous regions, those occurring in the crystals also become more restricted as the MCM-41 contents increases, and consequently the location of the a relaxation is shifted to higher temperatures and its intensity is considerably reduced.
Additional information on mechanical performance of these hybrid materials can be attained from these loss magnitudes since they are related to viscoelastic energy dissipation, which is expected to make a significant contribution in the impact energy because the time scale involved in impact deformation is of comparable order of magnitude as the relaxation time of viscoelastic processes. Therefore, correlation of impact strength with dynamic mechanical behaviour has been previously reported [40] [41] [42] [43] [44] . The area under the loss tangent curve provides an estimation of the impact strength, although it is not a direct measurement. In the present investigation, the region integrated has been that from À50 to 150°C and the values obtained are listed in the penultimate column of Table 4 . As expected, a decrease of area is observed, indicating that the nanocomposites are able to absorb less energy before breaking, as MCM-41 content increases. However, it is noticeable that this reduction is much smaller than the increase in microhardness or elastic modulus fact that seems to point out that a favourable compromise between these two opposite mechanical characteristics is reached.
Conclusions
The use of mesoporous MCM-41 as catalyst carrier and as nanofiller is an effective route for the successful preparation of nanocomposites by in situ supported ethylene polymerisation. Structural characterisation of nanocomposites shows minimal changes in crystallinity. However, crystallites become thicker as the MCM-41 content is raised in the nanocomposites. A delay in the crystallisation process is observed from DSC data, pointing out to a confinement effect of the macrochains within pores and channels of MCM-41 particles. In addition, these novel self-reinforced nanocomposites present an increase in rigidity, which becomes more important as temperature is raised. Accordingly, they exhibit an improved mechanical performance without varying the final processing temperature since T m is the same for all of the specimens. This feature is an aspect rather attractive from a practical standpoint. These nanocomposites are also characterised by an easier degradability because of the additional role of mesoporous MCM-41 as promoter for PE degradation. Therefore, their use may lead to cheaper, lighter, environmentally friendly and more resistant materials. log E' (MPa) Fig. 11 . Relationship between microhardness (MH) and elastic modulus (E 0 ) for the different samples. 
